We present new infrared observations of the exotic X-ray binary system Cygnus X-3, including high-time-resolution simultaneous H-and K-band photometry over -1.5 orbital periods and 1-5!-Lm photometry during both periods of apparent infrared quiescence and flaring activity. The simultaneous H-and K-band observations reveal the 4.8-h orbital modulation of the source, superimposed upon which are a number of extremely rapid flare events. We find rise times for these events of :s15 s, and find that the source becomes redder in (H -K) during the flares. This latter effect is confirmed by 1-5 !-Lm photometry during a period of prolonged quasi-stable flaring. We model this reddening in colour during flaring in terms of optically thin free-free emission from a hot dense plasma, possibly associated with a thermal gas in the high-velocity radio jets revealed by radio VLBI. Size, luminosity and lack of self-absorption considerations allow us to place strong constraints on possible values of Ne and T for this plasma, and we find that the dominant cooling mechanism is likely to be bremsstrahlung cooling. Dereddening of new 1-5!-Lm data combined with 0.7-1.0!-Lm results from the literature is consistent with an estimated infrared extinction to the source of 4.5 :sAJ :s 7.5 mag, and an infrared excess above a blackbody stellar continuum which is inherent to the source.
INTRODUCTION
Since its discovery during a rocket flight in 1966 (Giaconni et al. 1967) , Cygnus X-3 has persistently evaded easy classification and continues to display an exceptional, possibly unique, combination of observational characteristics. The source displays a smooth 4.79-h modulation in X-rays (e.g. van der Klis & Bonnet-Bidaud 1989) and the infrared (e.g. Mason, Cordova & White 1986) , generally interpreted as being the orbital period of the system. Despite many claims for modulation of one or more observational properties on a variety of time-scales (see summary in Bonnet-Bidaud & Chardin 1988), the 4.79-h cycle is the only repeatedly confirmed periodicity observed in the system, and is observed to be slowly lengthening, indicating a loss of angular momentum from the system (e.g. Kitamoto et al. 1992) .
The source is bright in X-rays, where it displays high and low states which are generally well correlated with radio brightness but anticorrelated with X-ray spectral hardness (e.g. Watanabe et al. 1994; Hermsen et al. 1987) . Cyg X-3 also shows rapid X-ray variability (e.g. Kitamoto et al. 1992 ) and a complex X-ray spectrum (e.g. Kitamoto et al. 1994) . Little is known about the *Present address: Astronomy Centre, University of Sussex, Falmer, Brighton BN1 9QH.
source at optical wavelengths, as it lies behind ;z:20 mag of optical extinction, although a 24th-magnitudeR-band counterpart has been identified (Wagner et al. 1990 ). Cyg X-3 is also the most luminous X-ray binary in the radio and (sub)millimetre regimes both during quiescence Fender et al. 1995) and more spectacularly when undergoing rapid flares during which time the observed flux density can increase by a factor of > 100 on a timescale of days (e.g. Johnston et al. 1986; Baars et al. 1986 ). Radio VLBI has revealed the presence of an expanding structure after such events, which is interpreted as the appearance of relativistic jets of velocity -O.35c (e.g. Schalinksi et al. 1995) .
Cyg X-3 was first discovered as an infrared source during the radio outbursts of 1972 (Becklin et al. 1972) . Subsequent observations have revealed the 4.79-h orbital modulation consistently observed in X-rays (e.g. Mason et al. 1986 ). Rapid infrared variability has been observed on a number of occasions (e.g. Becklin et al. 1973; Mason et al. 1986) , and, although a number of ideas have been put forward to explain this phenomenon (see Section 3), its true nature remains unclear. More recently, infrared spectroscopy of the source has revealed strong broad helium and nitrogen emission features reminiscent of aWN-type Wolf-Rayet star (van Kerkwijk et al. 1992) , and evidence has emerged for a component of infrared polarization inherent to the source, indicative of some anisotropy in the system (Jones et al. 1994) . The classification of Cyg X-3 as a Wolf-Rayet X-ray binary based upon infrared spectra remains controversial (e.g. Schmutz 1993; Mitra 1996) , not least because Wolf-Rayet stars are widely thought to be too large to fit within a 4.8-h orbit. However, if correct, Cygnus X-3 becomes the shortest period high-mass X-ray binary.
2 OBSERVATIONS Cyg X-3 was observed over a period of three days in 1984 August using the United Kingdom Infrared Telescope (UKIRT) on Mauna Kea, Hawaii. A variety of observations were perfomed, including broad-bandJ-H-K-L-L'-M photometry, high-time-resolution simultaneous H-and K-band photometry and low-resolution spectroscopy.
1984 August 7: UKT9
The UKT9 instrument was a common-user InSb photometer, operating in the I-S fLm range. On the night of 1984 August 7 this instrument was used to perform photometry of Cyg X-3 in theJ, H, K, L, L' and M bands, with a 4.8 arcsec diameter aperture. Observations were made between UT 07:23 and 07:S6, corresponding to X-ray phases --D.7 -0.8, during which the light curve is on a gradual increase to maximum at phase --D.8S. Calibration was carried out on the nearby standard BS8143 and the data were corrected for atmospheric absorption using standard values for Mauna Kea. The observations were of integration time 30 s, with observations at J, H, L, L' or M being typically interleaved with an observation in the K band. The K-band data were used to estimate the extent that flaring could have affected the photometry, from which we estimate flux increases of no more than 20 per cent due to flares. In the M band it was only possible to obtain a 3u upper limit.
The mean values obtained with the photometry are listed in Table 1 .
On this night UKT9 was also used with a continuously variable filter (CVF) to obtain low-resolution K-band spectra of the source. The CVF was used to scan the spectrum through 44 regularly spaced channels between 1.97 and 2.43 fLm. Four Cyg X-3 spectra were obtained, during X-ray phases 0.81-0.9S, corresponding to the fall from maximum to minimum light. The spectra were normalized by dividing them by a spectrum of SAO 126643, which is an FS star and should be essentially featureless in the K band (apart from possible Br"l absorption which may contribute to an apparent He I/He II feature at -2.16 fLm). The spectra, although noisy, are consistent with those presented by van Kerkwijk et al. (1992) , i.e. with a WNL-type Wolf-Rayet star.
1984 August 8: UKTI0
The UKTlO 'two-banger' instrument (now decommissioned) was an InSb photometer capable of operating simultaneously through It should be noted that the K-band filter used with UKTI0 had a slightly different response from that used with UKT9, but the effect of this on absolute photometry is estimated to be less than S per cent. Fig. 1 illustrates this data set, plus the (H -K) colour averaged over adjacent sets of eight points (Le. 16-s means). The mean EXOSAT X-ray template of van der Klis & Bonnet-Bidaud (1989) is plotted for comparison, with phase calculated using the ephemeris of Matz et al. (1996) which agrees to within 0.002 phase with the ephemeris of van der Klis & Bonnet-Bidaud (1989) at this epoch. The most obvious feature of the data is the rapid largeamplitude flare events during which the flux from Cyg X-3 more than doubled in both bands on time-scales ofless than a minute. The (H -K) colour shows that the source became significantly redder during these flares. The orbital modulation of the source is clearly visible in the interval-12:40-13:1O UT, although minimum light is hidden by the large flare complex at -13:30 UT. 2.3 1984 August 9: UKT9 UKT9 (described above) was used again on August 9 to perform J-, H-, K-, L-, L' -and M-band photometry. The instrument was again used with a 4.8 arcsec diameter aperture, and the measurements were calibrated on BS8143 and corrected for atmospheric absorption using Mauna Kea standard values. In this data set the fluxes are extremely high, indicative of flaring behaviour even more violent than that observed on the previous night. Mean values are listed in Table 1 .
INFRARED FLARES
Cyg X-3 is known to exhibit in the infrared both short-time-scale rapid flare events (e.g. Becklin et al. 1973; Mason et al. 1986; Jones et al. 1994 ) and prolonged states of increased flux density (e.g. Becklin et al. 1973) . However, Cyg X-3 has also been observed in the infrared for several days without exhibiting such behaviour (Molnar 1988) . Mason et al. (1986) envisaged the flares as due to free-free emission from a thermal plasma of temperature 10 6 K associated with the jets in the system. Apparao (1987) alternatively suggested that the flares may be due to interactions between a "I-ray beam associated with the compact object and clumps of matter orbiting in the binary system. Van Kerkwijk et al. (1996) reports JHKL photometry following a radio flare in which the source is seen to decline from an unusually bright infrared state immediately following the outburst, becoming significantly less red as it does so.
The data set of infrared observations is at present too limited to determine which is the more common state for the source; there is certainly no evidence to suggest that the flares are a particularly rare occurrence. Here we shall examine in detail both the rapid flare events of 1984 August 8 and the prolonged high flux state observed on 1984 August 9.
3.1 Evolution of rapid 8are events .. kpc (Dickey 1983 ) and dereddening by AJ = 6.0 (see Section 4), we derive a power output of -1 tf5 erg s -1 across the K band (bandwidth -2 x 1013 Hz).
3.2 The nature of the flaring component The 1.6-2.2/Lm spectral index of the flaring component can be determined by subtracting an estimated quiescent flux level during periods of flaring. When doing so, and dereddening by AJ = 6.0, it is found that the flaring component tends toward a spectral index of a -+0.6 (where a = ~logS/~log v), in contrast to the 'quiescent' dereddened spectral index in this interval which is ~ + 1.5 (Section 4). Such a reddening in (H -K) is apparent in the lower panel of Fig. 1 . The likely emission mechanism for a hot ionized gas is free-free thermal bremsstrahlung, which has a spectral index of -0.1 when optically thin. A spectral index of this value can be recovered by introducing a small amount oflocal free-free opacity, associated not with the flaring component but with the dense stellar wind in which the system is embedded. A K-band optical depth of TK -0.3 (giving TH -0.2) would be sufficient to produce the observed dereddened spectral index. Alternatively, we may be seeing a blend of emission from a dense, optically thick (spectral index +2.0) region, possibly associated with the base of the jet or inner regions of the accretion disc, combined with a majority of emission from an optically thin component. It should also be noted that uncertainties in the amount of extinction to the source are sufficient to change the derived spectral index for the flaring component by -± 0.5 mag. However, optically thick emission (spectral index +2.0) is ruled out as the dominant process in the flaring component as the derived spectral index is too low and the introduction of local opacity from the stellar wind only widens the discrepancy. On August 9 observations once again revealed flaring activity in Cyg X-3, but this time at a quasi-stable level even higher than the peak fluxes observed on the previous lrlght. On this occasion flux densities were measured across the J-M bands, ie. 1.2-4.8 f.Lm.
Again dereddening by A, = 6.0 mag, the spectrum of the flaring component (completely dominating the flux in the K band and longer, so subtraction of an accurately determined 'quiescent' component was not so vital) was flat across all bands, consistent within estimated errors with optically thin free-free emission. This is significant, as the lack of evidence of a self-absorption turnover at wavelengths at least as long as 4.8 f.Lm places limits on the temperature and density of the flaring component (see below). Dereddening and integrating the observed fluxes across the J-M bands reveals an infrared luminosity in excess of 10 36 erg S-l during such periods.
If the flaring is indeed due to free-free emission from a hot optically thin plasma, the question arises where is this plasma? This is difficult to answer precisely, although the small size implied by the rapid variability suggests that the plasma is associated with the inner regions of the system. Wolf-Rayet winds are thought to be fairly clumpy (e.g. Brown & Richardson 1995) , but it is difficult to see how a plasma with a typical temperature of order 1-5 x 10 4 K could be heated to temperatures in excess of 10 6 K. More likely is that the plasma is associated with the inner regions of the accretion disc and base of the relativistic jets. Temperatures of order 10 6 K are not unlikely near the accreting compact object, and a thermal gas is already invoked by many models for jet emission (e.g. Marti, Paredes & Estalella 1992} to co-exist with the relativistic synchrotron-emitting electrons.
Assuming free-free emission from a Maxwellian plasma, then, given the observed luminosity of the flares, size limits imposed by the rapid flux changes, and the lack of appreciable free-free selfabsorption at A = 4.8 f.Lm, some constraints can be placed upon the temperature and number density of the plasma.
Free-free emission from a plasma becomes optically thin at a frequency
where Te is the electron temperature in K, Ne is the electron number density in cm -3 and 1 is the dimension of the source in pc (Lang 1980) . From the rapid flaring, 1 s 4.5 x 1011 cm (1.5 x 10-7 pc); and, from the lack of self-absorption at 4.8 f.Lill, JlT S 6.3 X 10 4 GHz. This gives the following inequality:
Note that this is based upon the assumption that the rapid flares are, like their larger-amplitude counterparts, optically thin at 4.8 f.Lm. This assumption is supported in part by subsequent observations, to be published elsewhere, which demonstrate the rapid flares to be optically thin at least to the nbL band -3.6 f.Lm. The upper curve is constrained by the requirement that the plasma be optically thin in the Mband and yet fit within the maximum size allowed by the rapid rise and decay times observed. The lower curve is constrained by the need for the plasma to be dense enough and cool enough to produce the observed luminosity within the size limit.
The bremsstrahlung emissivity of a Maxwellian plasma is given by ep(p)dp = 5.4 x 1O-39 Z 2 N.,NiTe -0.5 gffe-hplkT dp erg s-lcm-3Hz-1rad-1, assuming a refractive index -1 for the plasma (Lang 1980) , where Z is the mean atomic number of the plasma (2 for pure helium), Ne and Ni are the electron and ion number densities respectively, and gff is the Gaunt factor, assumed here to be 1.4 (good to within 10 per cent for T> 10 6 K -Tucker 1977). For fully ionized helium (there is no evidence for the presence of hydrogen in infrared spectra of Cyg X-3 -van Kerkwijk et al. 1992) ,N)Vi = N; 12. The monochromatic power expected from such a plasma is
where V is the volume of the plasma in cm 3 . Assuming emission comes from a uniform sphere of radius 4.5 x 10 11 cm, the maximum volume V = 3.8 x10 35 cm 3 ; this gives
Lp s 0.07N;T-0.5 e -hplkT.
Substituting the observed K-band monochromatic power (-4 x 10 21 erg S-l Hz-1 ), we get the following inequality: N; ;e 5 x 10 22 T°.5 ehPlkT.
Combining equations (1) and (2) These two inequalities are plotted in Fig. 3 (assuming h" « kT) , illustrating the allowed range of values of Te and Ne • This condition is only satisfied for T ;e 7 X 105 K, which can be considered a lower limit on the temperature of the emitting plasma. Below this temperature the electron number density required to produce the observed luminosity would result in emission at 4.8 fLm being selfabsorbed, given size constraints.
Assuming a reasonable range of temperatures to be 7 x las s T s 5 X 10 7 K, equation (3) gives 6 x 10 12 sNe sIx 10 14 cm-3 • We note that a free-free plasma in such a temperature range would be bright across the optical and UY regimes, only fading in the EUY/soft X-rays. So, while we may not expect to see X-ray analogues to the infrared flares, we predict strong optical counterparts.
The bremsstrahlung cooling time for a Maxwellian plasma is ro.5 tff = 1.8 X 10 11 -s Ne (Tucker 1977) . Placing the constraints on Ne and T considered above, we expect bremsstrahlung cooling times for the plasma in the range 1-250 s. This is consistent with the decay times observed for the rapid 'spikes' interspersed throughout the flaring periods. Adiabatic cooling is also expected to be important for a hot dense plasma. As determined above, the luminosity of the plasma is related to the electron number density, volume and temperature by L oc N; again assuming hp « kT.
For an adiabatically expanding plasma, T oc V-213 (Lang 1980) . For a uniformly expanding sphere of radius, the following relations hold: N; oc ,-6;
Using the above relation we calculate that a reduction in flux by -30 per cent requires an increase in radius of -15 per cent. Assuming an initial radius of 4.5 x 10 11 cm, this requires an expansion of -7 x 10 10 cm in 15 s -i.e. an expansion velocity of 0.15c ! A similar result is obtained if we repeat the calculation for a cross-section of gas constrained by the jet envisaged by Marti et al. (1992) , which is inconsistent with their model fits. Although such lateral expansion velocities may be observed in the jets (e.g. Schalinski et al. 1995) , the plasma would have cooled far earlier due to bremsstrahlung processes before this point was reached. Furthermore, a gas cannot expand due to its own internal pressure at a velocity greater than its own sound speed, which for a nonrelativistic gas at 10 7 K is -3 X 10 7 cm S-l (i.e. l/lOOth of that required for the observed decay time). We therefore favour bremsstrahlung as the dominant cooling mechanism.
Synchrotron radiation cannot be ruled out as the main emission mechanism responsible for the flares. However, it is difficult to add circumstellar absorption such that there is a consistent a --0.55 spectral index across the I to M bands in the 1984 August 9 data, as would be expected from an extrapolation of the spectral index in the optically thin radio regime . Polarization measurements would also be expected to show an increase in polarization during flare events (providing depolarization by local gas, e.g. stellar wind, did not destroy the effect) but this observation has not been made. Becklin et al. (1973) also observed a flaring period in which the fluxes became high enough to mask the 4.8-h modulation. This may have been a similar event to that observed by ourselves on 1984 August 9. Such events may represent particularly large and extended mass ejections in the relativistic jet and should be precursors of larger synchrotron flares than 'normal' infrared flares. There is a suggestion of a small radio flare (amplitude -100 mJy at 3.7 cm) at the time of the 1984 August 9 observations (Waltman, private communication) . This is far too limited evidence to claim any correlation between infrared and radio activity; however, given the very high infrared fluxes observed on 1984 August 9 and relatively modest nature of the radio flare, it seems likely that, were they in direct proportion, the infrared precursor of a major radio event would be extremely hard to miss.
It should be borne in mind, however, that there is, as demonstrated above, a limited period for strong emission in the infrared due to short bremsstrahlung cooling times for the kind of plasma envisaged, and that dynamical constraints may place a limit on the maximum rate of mass ejection. Thus during a large and prolonged ejection there would be a relatively stable maximum infrared flux corresponding to all the infrared-emitting region of the ejection cone being filled. This is a possible explanation for the very high but relatively stable fluxes observed on 1984 August 9. Any subsequent radio synchrotron emission would suffer a time delay before being observed, related to the time necessary for the ejecta to reach the radio 'photosphere' (see e.g. Fender et al. 1995) .
THE INFRARED CONTINUUM
Previous attempts to unravel the nature of the Cyg X-3 infrared continuum have concluded that it is due to a thermal bremsstrahlung spectrum becoming optically thick at -2 fLm (Molnar 1988) , or that it is a power-law spectrum from the Wolf-Rayet wind (van Kerkwijk et al. 1996) . In order to determine the nature of the infrared continuum inherent to Cyg X-3, it is necessary to (i) correct data for non-continuum emission (e.g. flares, emission lines), and (ii) deredden the data to compensate for the large amount of extinction along the line of sight to the source. We shall address both these considerations briefly below, before considering the shape of our resultant dereddened continuum.
NormaUzing data
In addition to our own UKIRT data we shall use R-and I-band broad-band data (Wagner et al. 1990 ) and a 0.925-fLm continuum flux density (van Kerkwijk, private communication) to explore the Cyg X-3 continuum. The infrared flux received from Cyg X-3 in any band is highly variable and dependent upon (at least): mean infrared luminosity at that epoch, orbital phase, flaring of source during integration, and presence (or not) of emission lines. Here we assume that there are no major changes in the infrared luminosity of Cyg X-3 between the observations, and that flares contribute < 20 per cent of the flux in any observation. We normalize the data to phase 0.75 and assume a modulation factor ~ (=amplitude/mean) of 0.25 for the I and R bands (Wagner, Kreidl & Bus 1989 
Dereddeoing the data
In order to deredden the data we used the A -1.7 extinction law of Mathis (1990) , except for the R -band data point where we used the 'outer cloud' dereddening ratio of Mathis (1990) . Following this author we shall use AJ as the reference extinction (A v = 3.55AJ). We find that, in order to obtain a spectrum that is neither falling off nor too steep at higher frequencies, we can constrain the extinction such that 4.5 sAJ s 7.5 mag. This is consistent with the range of values for AJ determined by van Kerkwijk et al. (1996) from considerations of spectral indices of I-band spectra (5 sA J s 6 Log Frequency (Hz) Figure 4 . Cyg X-3 infrared continuum from 6.3 x 1013 to 3.9 x 10 14 Hz (4.8-0.8 jJ.m). Of the two data points in the I band, the higher frequency point is broad-band photometry from Wagner et al. (1989) mag). This estimate of the extinction in the infrared is significantly greater than that of Becklin et al. (1972) . Fig. 4 shows the data set dereddened by 4.5, 6 and 7.5 mag of A] ,illustrating in particular the sensitivity of the high-frequency range to the amount of dereddening applied.
The nature of the infrared continuum
Given the above range in values of A] we choose AJ = 6.0 as a reasonable estimate of the extinction to eyg X-3. We find that shortwards of the K band the spectral index ex -+2.0, whereas longwards of this point ex s +1.5. Thus Cyg X-3 clearly has a significant excess above the blackbody continuum expected for a single hot star. Such an excess is typical of systems with dense stellar winds andlor circumstellar discs/shells. The apparent steepening at higher frequencies may reflect velocity gradients near the base of the wind. Van Kerkwijk et al. (1996) found that the spectrum could be fitted by a single power law of spectral index 1.4 ± 0.3: our best fit to a single power law is in agreement, with spectral index -+ 1.5. This is at the top end of the range of spectral indices found for Wolf-Rayet winds by Morris et al. (1993) .
CONCLUSIONS
Cyg X-3 continues to exhibit much unusual and poorly explained infrared behaviour. The orbital modulation, often observed in the infrared and X-rays, is clearly present in our simultaneous H-and K-band photometry. Further, the UKTlO observations reveal a clear reddening of the (H -K) colour during rapid flaring activity. Mason et al. (1986) observed rapid infrared flares superimposed on the orbital modulation, with rise times as short as -60 s. Based upon size constaints and estimated energy in the flares, they proposed that the flares were due to a hot (T -10 6 K), dense (Ne -2 X 10 12 -1 X 10 14 cm -3) plasma associated with the radio jets; however, these authors had no spectral data with which to test their hypothesis. We have observed similar flaring activity with higher time resolution, simultaneously in the H (1.6 j.Lm) andK (2.2 j.Lm) infrared bands, and find that our observation of reddening in (H -K) during flares, implying a flatter spectrum for the flaring component than for the quiescent emission, is in qualitative agreement with their model. As suggested by Mason et al. (1986) , the infrared flare events are well described by the addition of an optically thin free-free component, possibly related to the relativistic jets known to exist in the system, and we predict strong optical counterparts. Maximum size, optical depth and luminosity requirements have been combined to establish a lower limit to the temperature of the emitting plasma of 7 x 10 5 K. A reasonable upper limit to the temperature of 5 x 10 7 K constrains the electron number density of the flaring component in the range 6 x 10 12 -1 X 10 14 em -3. Bremsstralllung cooling, efficient at such relatively high densities, is likely to be the dominant cooling mechanism. Synchrotron emission, partly absorbed by the stellar wind, cannot, however, be ruled out as the flaring mechanism. Periods of prolonged flaring correspond to infrared luminosities in the J to Mbands in excess of 1if 6 erg s -1. Were the infrared flares related to the ejection process we would expect to see their analogues in other galactic jet sources: Hunt, Massi & Zhekov (1994) , however, found no significant fluctuations in the infrared flux from the 'jet' source LSI+61 303 0 on time-scales of less than an hour; neither are we aware of any infrared flaring from other galactic jet sources. This may be a selection effect in that objects with optical counterparts are not in general studied in the infrared to the degree that Cyg X-3 has been.
The 'quiescent' infrared continuum of Cyg X-3 is most naturally fitted for interstellar extinctions of AJ = 6.0 ± 1.5 mag. Given a distance to Cyg X-3 of -10 kpc we find an absolute K magnitude of :s -5 for the system. The CVF spectrunl of 1984 August is consistent with that of a Wolf-Rayet object of late-WN subclass, as is the evidence for mass loss/circumstellar material in the form of an infrared excess, and so we find that our data are compatible with the primary conclusion of van Kerkwijk et al. (1996) , i.e. that the Cyg X-3 system contains a 'classical' luminous Wolf-Rayet star. However, we also note that the infrared continuum may be better described by a spectrunl steepening at shorter frequencies than by a single power law. This may be due to our observing accelerating regions near the base of the wind, ,or possibly through to a small, extremely hot, blackbody component.
